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Scanning Tunneling Microscopy, Atomic Force Microscopy, and
Related Techniques

Shelly R. Snyder and Heory S. White*

Department of Chemical Engineerrig and Materials Science, University of Minnesota, 151 Amu'viaon Hall,
421 Washington Avenue SE, Minneapolis, Minnesota 55455

INTRODUCTION techniques are being widely accepted anaytical tools for
The laot decade has see the invention and development addressing fudantal ises in physics, chemistry, biology,

of scanning tna.i microscopy (STM) and atomic force and elmiliserfl.
microscopy (AFM).%I 1986, the inventors of STM, Bing This maonucript reviews the literature concernin; STM,
and Rohrer (A]), received the Nobel Prime in Physics for their AFM, and other sannmed-probe microscopies from January
acl ment A _mrty em etii incese n the number I through December 15, 1991. Recent reviews on Surface
ofc describing applications o(STM and AFM has Characterizatim (A2) and Chemical Microscopy (A3). pub-
occnued d tnnd the post few ysr ThIs remarkable lihth eWd in this ioural. report on de, 1penea applicationa
is the best indication that thes and related wcanned-prob of STM and AI•M thriugh the end of 1990. The literature

lion 0003-2700/02/034-l1ion$10.00/0 @ 1992 American Chemical Society
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gN5s 1 R. SNYOW Is cowolftn her WD~.. in structure is reviewed by Sattler (AllI). Surface diffusion of
Hbwy S. *1ft0w1~ at t U'Iemyo P7Oel5GI' metal atoms as observed by several mi~croscopic tec haiques,

to R t O~f N ofOwal n~w.including STM, has also been reviewed (Al12). ST
kammtriscec.Sereceived The Principles and operation of the electrochemical T

har B.S. dows i Chrler km to Urt.- are discussedý by Chidsey (A13). Shortcomings of this tech.
waOY of Mwft in197 Ar e .. d.nique in the study of materials which ame not atomically flat

ws nwwii scei e r s MSi.. are discuased.
tY Of Miriewso ts in9 i st ýw S go -re AFM, like STM. is capable of imaging surfaces with atomic
search Is *ecle at MWi9 10 oloctroni resolution but can image both conductive and nonconductive
-W W "' v' of" sic v M.~ samples. Developed by Binnig. Quate, and Gerber in 1986
micromf adShe WMIG3OWSW specVosop (A 14), the AIM4 has similar status and flexibility in useage

Shte is te 1991 ecpien Of to Edward G. as the STM. In AFM, a sharp tip is mounted on a micro-
W.s"On S4Muwmwrkwf of ftEoto cantilever arm and rastered across the sample surface. In a
chorrfcal Sociey Eeu'.* typical configuration, the deflection of a light off the back of

the cantilever is used to monitor the force applied by the
Nose & W* WAssoiateProesso incantilever on the sample. In systems of this type, forces as

to 0007vr of Widie ca Fio so small as 101 N are applied to the subetrate, thereby reducing
amd kuterilsi Science at ftmwe 1WQsII of d-mage to the sample. A useful review of the subject high.
hinmeeoga. He *ecoive tt B.S. 'se - i lights five cantilever drive systems and seven deflection de-
1975 from Ste Uriveruly of NeiM Carodrs, tection systems (A15).
eand PotPI.O. dow'. in 1N3 from owe Unlt.
Wasy Of Taeas. Hie lolted fte ftodt at the B. INSTRUMEENTATION AND PROBE TIPS
UnVersoky of Wwaisoft It 19& lollowkt a
Poeldoctoral Plesesorof Appoitment at teo Seveal reseuchin describe honie-built STM's (B1. B2) and

kiesedweftInsem o Tohriiow Henovel Coars positic'* devices (W3,B4). Various calibration
isea cipluseo Via Odus of Noe l Fit. *- methods (e~g., an inutve displacement transducer and
search Young Investigtor Award In Micelonm interfromtetr) for the piezoelectric element, which
Chemiesty and cviently hcfld. SWhiea controls the fine position of the tunneling tip, have been
04k'of ChorricatEngkusrltga~Ntrecmae (B5). Sugwara et aL. have combined the STM with
Scence at the University Of hamothe AIM for simultaneous'Iagn of the repulsive contact
tý5oftItraS1Id 5OtltbYSt leI~ force. and surface conductance btween a probe and sample

and prsent data for graphite (86).
S~ nnow being integrated into multitunctional surface

anlssinstrumnents where a number of measurements or
sraemodificationls can be performed on the sample without

cited in this review is taken from a search of the STN in removal from the instrument. Some of the combinations
ternational Database and Current contents. A significant include an optical microscope (B?), molecular-beam, epitaxy
number of citations are from the Proceedings of the Fifth system (BB), and R reflection-edaorption spectrometer (B51).
Inerationial Conference on STM/Snectrcmxi" nd th is Interest in ferromagnetic materials and superconductors
International Conference on Nanomister scale Science and has lead, in pert, to tthe development of a magnetic force
Technology, published. in the Journal of Vacuum Science & microscope based on the STM. Tins instrument can simul.
Technology 1, Volume 9,1991. This latter volume contains taneously mansure topography and M ,etc force, between
an excellent collection of research articles that are repre- a flzl e tiwc tip and the sampme, 1081). Variations
sentative of current trend, in the STM/AFM community on this techinology include ST~s which can detect spin-po-

STM is used throughout this review as an interchangeabLe larized el~ectrons and thus magnetic structures at the atomic
abbreviation for both scanning tunneling microscopy and the scales (8112) or which can detect spatially resolved spin-po-
scanning tunneling microscope. AFM is similarly used as an larized uecodary electrons emitted frm the sample with the
abbreviation for both the technique and the instrument STU Opaezut mgn the field emission mode (8113).

Stoilland Gfiswk hae" com red atomcal resolved
A. BOOKS AND REVIEWS tmaqesof Au(11O)1X 2 and u11uing bot the con-

An xtesiq) eviw f te teoetial ndventiosal end differetia modes of STM (814). The authors
An tenivqreviw o th theretc.]and expermential conclude that the differential mode, which is a phose-eensitive

aspects of STM is given by Cheu (AM. Th~e NAT ASI techenie designed to reduce noise, results in an increas in
book (AA) entitled Scanning Tunneling Microscopy and theifcmoet Variations in the local conductivity and
Related Method*, edited by Behm, Garcia, and Rohrer, dis- topography ocopr am~ple. have been simultaneously
ctieas recent developmients in the theory and applicationsa of monitored by asis of the high-frequec component Of
STh and AIM us wel as related optical and acoustic mi- the tunneling current noise (81). A scnigchemical po-
croecopiee. This amss addreses applications of Slid in tential microscope (SCPM) has been developed to measure

invstiatins f mel ndsemiconductor surfaces, organic thermoelectric potential variations related to atomic scale
and biologkca esmishp~ and liquid-solid interface. variations in the surface chemical potential gradient (1116).

Much recent ~ bin been devoted to the desip and The thermoelectric voltage produced at the tunnel, junction
chrceito trwofcso h lcrcBl between a tip and eam which is heated, is measured si-
surrounding the tpa m m till issue in addressing muams uvwt the ft current imags K odiat &L have
srflace damage reqntly observed dur:in magin and in useda&tWo*aiM"0aciaiO 8Th to' the interface between

e nloia T for intantiomal surfwac m ifctions. Bih r thea of an n-type pnjunction (1117).
ani Grciaaddrss tese ubet in a review dealing with the -Yau st aL. (18) hav used a novel electric field effect to

role1 Of 8Th! tips in ion elmission and surface melting (A6). doepoi ie-phese Al atoms minla osietyoe
The usefulnesls Of the ST nisaiiyt aluseaos the ~f1;M tip. Thise technique orwi ono
and molecules on a surface ins c ontrole fashion hs en ter-eild, features On surfasces
reviewed by ft and Fuchs (A). The STh! current can be enhanced ot controlled by pho.

Several rievw articles deal with specific application ofthe toexitatim at obtogi tWWi within the tunnel junc.
STM. Gimsewski he. considered the interpretation Of the tion. Vosicker at aL, for instance, have illuminated tunnel
structural dstals olume in -r afmta, Molecules. and Junctions with lase rediation urin STM measurements
biological complexes in termaioelectronkccag contours (1119, M2). A de current genea~ted byrectib~irag the laser
(A) Metageir and Paear on the use of STh for ligSt combined with a differesnce-frequency sg~nal, Is used to

stiitLU&gJDUI-BIO=StiIU(AD). Ushe and Wu have -btai- atmP0l4esle imaM.sof graphite and to control
astensively studied hredensity waves in lo-imonsional the tip.t-saple ePsration. This system allow image ac-
materials, such estnalu it 1. 1 Wasd, and have.re quisition wihot AnMxenl ple bias voltp and may
viewed the effects of metal substitutlion in these materials be suitable for the suy of isltr.In order to study
(A1O). 111 *~trwki strucwre of 553 metalli particles an 4aderbatee at the 8T nefc, Grafatroem at al. irradiate
their interaction and modulation of the substrate electronic the tunneln gaP with two lsasr beams, one resonant with

46NALYTTC-OL CIEMISTRV VOL ll,& No( i? qf"Fj ig a *71



MICROSCOPY

the adsorbate, and suppress the thermal contribution to the tunneling curves in a oxidized St tip-graphite iubstrate
tunneling current by modulating the amplitude of both beams junction, resulting from a Coulomb blockade effect in the oxide
with a 180 p=hase shift (821), With this system, small changes layer of the Si tip (857). Ikebe et al. have discussed the
in the tunn g current induced by resonant optical excitation interpretation of images of graphite when a corner of a ReO.
of the adsorbate can be detected. Sultie crystal is used as the tunneling tip in STM tB58i

Several authors have described photon scanning tunneling The application of micromachined Si force sensors in FM
microscopes (PSTM), in which the tunneling of photons from have been discussed (B59), as well as etching techniques for
an evanescent wave originating at the substrate to a optical mass producing Si sensors (860). Hellemans et &I. imaged
fiber tip is monitored (B22-B26). Jiang et al. have onstruct diamond tips and metallic tips in a tip-to-tip configuration
a high-resolution PSTM (80-rnm resolution) employing a in the AFM and discuss the roles of the tip and sample on
AIGaAs diode laser (B27). PSTM can be operated to measure the resulting images (B61). Drexler has proposed a class of
photon spectra, isochromat spectra, and anular photon AFM-like devices that would allow imaging of the same sample
distributions and to map local photon intensities. Photoas- area with an array of molecular tips of atomically defined
sisted scanning tunneling spectroscopy (STS), based on illu- structure (MTA) (B62). MTA's could have various chemical
minating a semiconductor substrate during imaging, " ha been binding sites which would enable local nanofabrication by
used to study WSe2 (B28), Si(111) and Si(001) (829), n-type specific chemical interactions with the surface.
InP(100), p-type GaAs(100) (B30), CuhLSe 2 (B31), AlWGa,.,As ,. THEORY
heterostructures (B32), and InAsP,_,/InP quantum well
structures (B33). Due to the relative novelty of STM and AFM as surface

A comparison of several low-temperature STM's operating analytical tools, the vast majority of experimental reports
in liquid helium has been reported (B34). Giessibl et al. have consider, albeit at a qualitative level, fundamental issues re-
constructed a UHV combined AFM/STM operating at 4.2 lated to producing image contrast. In both STM and AFM.
K (B35), and Cohen and Wolf have designed a microwave the interaction of the probe tip with the surface are of par-
coupled cryogenic STM (B36). Variable-temperature STM's amount importance in i e interpretation and in surface
(B37) have been developed for investigating the substrate modifications and d e(see also section E). The recent
structure and electronic prope rtes of superconductors (e.g., literature cited below reflects these concerns. Questions
Pb films (&38)), organic conductors (eg., TF-TCNQ (B39)). continue to arise concerning the ability to obtain high-reso-
and layered transition-metal dichalcogenides (e.g., 1T-TaS2  lution images under conditions where strong physical and
(B40)). chemical forces may alter the tip and/or substrate structu:e.

Moeller et aL have used the thermal noise within the tunnel Theoretical studies focused on relating the surface electronic
junction to operate an STM at zero bias between the sample chare distribution to the contrast observed in STM images
and tip, thus allowing small differences in the potential (with continued from the 1980's; a larger percentage of this effort.
a resolution of I oV) at various points on a polycrystalline Ag however, is now focused on materials (solids and adsorbates)
sample to be detected (B41). STM systems with potentios- other than pyrolytic graphite, which dominated the attention
tatic/galvanostatic control of the sample and potentiostatic of theorists for the pat 5 years. Representative articles from
control of the STM tip have been reported (B42). (See also this field are cited in the following discussion.
section F). Yuan et al. have proposed a new method for The STM tip has been modeled as a polystomic crystalline
im gingonconductive samples, such as biological complexes, surface where the total tunneling current is the sum of the
which relies on the surface condensation of water molecules currents from tip atoms to each substrate atom (C0). This
to provide a path for the electric current (which is carried by model cm account for superperiodic structures frequently
ions rather than electrons) (B43). observed inSTM images. Umig a first principles local density

New advances in AFM instrumentation include a high- approximation method with the tunnmling Hamiltonian for-
speed AFM (B44), a rocking beam electrostatic balance for mal- m, the arrangement of atoms (e-., W, Pt, C/W, and TiC
measuring small forces (045), an interferometer to measure clusters) at the tip apex has been shown to have a larger effect
the cantilever deflection (B46), high precision positioning on the STM image than the mical composition of the tip
stages, and an X- Y scanner whose displacement is controlled (C2). Taukada et al. have also modeled the differences ob-
by a two-dimensional optical interferometer (B47) or by a served in STM i and STS curves for clusters (e.g.,
two-dimensional optical beam displacement sensor (848). W10(l , W1 [1I101, W17 [1101, and Ptio[ 111)) with different

Techniques for measuring the surface photovoltage on geometries (C3).
semiconducting sam piles using attractive-mode AFM have Landman and Luedtke have extensively studied the me-
been reported (B49, 850). The AFM potentiometer allows chdnic and dynamic of the tip-substrate interactow in STM
measurements to be made in air with a spatial resolution of and AFM (C4). Using large-scale molecular dynamics cal-
a few tens of nanometers and a voltage resolution of lee than culatiom, they simulated atoemic scale events occurring .. Mrn
1 mV. Denk and Pohl have usd the AFM to image the local approach of a Au(001) tip to a Ni(001) substrate. the subse-
electrical dissipation between the AFM probe and a layered quent jump to point contact, and retraction of the tip from
GaAs/AIGgAa substrate by monitoring the mechanical Q the substrate. Chen and Hame have calculated the apparent
during scanning (851). Barrett and Quate have developed barrier height, including tip-sample forces, in STM me&-
a scanning capacitance microscope based on the AFM which surements and found agreement between calculated and ex-
can simultaneously monitor the capacitance between a con- perimental data (CM).
ducting tip and substrate and the fidm topography as a The role of the m potential in the absence and presence
function of lateral position (B52). The AFM employed in the of surface states has been discussed by several authors (C6,
capacitive force snsing mode can be used to map the dopant CM). Methods have been discussed for determining the ef-
profile in semiconductors. Limits in the sensitivity and res- fective surface potential, based on mesurin the difrential
olution of the method ar described by Abraham et al. (B53). conductance or on measuring the appmarnt barrier height at

The probe tip remains a major concern in STM, tunneling various tip-mple separatiomn (C8). The effects of quantum
spectroscopy, and AFM measurements. Characterization of staes induced by the geometry of the tunneling barrier at
the atomic arrangement and chemical composition of atoms small tip-to-sample distances has also been discussed (C9).
at the tip remains important in understanding how these Garcia has shown that negative resistance characteristics for
parameters affect * and spectroscopic data. A combi- a tip-vacuum--Ni(100) junction can occur due to the presence
nation of the atom probe and field emission electron energy of localized surface barrier states (CIO). Dank and Poil have
spectrometer have been used to characterize the atomic solved Laplace's equation for a metallic or dielectric tip-to-
configtration of the tip apex (B64). X-ray photoelectron and sample gomeWy and discuss the importance of electromag-
A.ugr electron spectroecopies have been used to identify the netic fields and plasmons in inelastic tunneling and light
primary surface contaminants on electrochemically etched emission during tunneling (CII).
tungsten STM tips a CO, graphite, WC, and tungsten oxide Sam and Gimsewski have qualitatively discussed the ap-
(855). plicability of the STM for studying electron transfer in so-

Several unusual STM tips have been described during the lution at the m interface and the role of solvent
p.st year. The tunneling characteristics and morphology of dynamics in the electron-exchange process (C12).

o tips covered by adsorbed Si atoms (856) was reported. Ab initio quantum mechanical calculations have been used
Venkateawaran at &I. have reported staircas-shaped I-V to interpret the contrmt in STM images of MoS2 and MoTe2
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(C131. A two-band Peierla-Hubbard model was used to study searched. The large body of literature describing ý'ITM and
the superlattice phases in halogen-bridged mixed-valence AFM investigations of metal films and clusters prthibia an
transitiou-metal linear MX chain complexes (C14). Using the extensive survey of the literature in this field; the following
Landauer formula for the tunneling current, good agreement sections are intended to indicate current research activities
between calculated and experinienital STM imags for benzene and to demonstrate the capabilities of scanned-probed
on Rh(Ill) has been obtained (CIS). Joachim has also dis- methods. The literature is organized by the nature of the
cussed the conductance of a single molecule in terms of substrate (i.e., metals, semiconductors, insulators, etc
through-bond tunneling and through-space tunneling (C16). Specialized and related research areas, including surface re-
The influence of small molecules such as water, ammonia, and constructions and ion-implanted surfaces, are reviewed below
methane on the enerey of the highest-occupied electronic in separate sections.
states of benzene, which are involved in the tunneling Metal Substrates,. Au single crystals are often chosen as
mechanism, has also been considered (C7?). a substrate for nucleation and growth studies due to the choice

Theoretical calculations of the v3 x /3 Ag/Si(111) of several preparations that yield clean, atomically flat sur-
structure based on a honeycomb chained trimer model have faces Chamblias et al. studied the inhomogeneous aggregation
been presented and compared to STM images (C18, C19). and growth of Ag in the monolayer regime on Auw 1111 ' DI.
Kariotis and Lagally have modeled various terrace-edge T same group found that Ni deposited on Auw lii nu-
properties such as the distribution of kink lengths and edge cleated in ordered islands commensurate with the % I x 22
displacements on vicinal surfaces (C20). Molecular dynamics reconstruction (D2, D3). In other studies, the deposition of
calculations were used to model the reconstruction of the submonolayer coverages of Fe on Au 11) yielded polygonal
Si(001) surface and determine the relative stabilities of the islands (fcc structure); however, at three monolayers, a tran-
c(2 X 2) and (2 x 1) dimers (C21). Self-consistent quantum sition to the bcc structure occurs (D4). The electrocrvstaJ-
chemistry cluster calculations were used to determine the lization of Cu on Au(111) was found to referentially nucleate
effects of bias and surface defects on the appearance of the at defect sites and step edges (DS). Magnussen et al. inves-
dimers in an STM image (C22). Tanaka and Tsukada have tigated electrocrystallization of Cu on Au( 11) and Aui 100l
used Green's function method to obtain the local DOS in a and observed quasi-hexagonal and hexagonal adlayer lattices
superconductor-semiconductor-superconductor junction and (D)6).
have compared their results to experimental data (C23). Poetaclike and Behm have studied that the interfacial stratn

Interprýettion of AFM imag requirm careful consideration between Cu and Ru(0001) us* STM. A structural trans-
of the surface forces (dispersion, eloctrostatic, etc.) between formation from the more tightly bound first Cu layer to a
the tip and substrate. A general theory for AFM tip inter- unidirectional contracted second Cu layer was observed ID 7).
actions in the contact force regime which relies on taking force Poetschke et al also studied the deposition of Cu and Au films
dMeivatives along the surface to enhance the images has been on Ru(0001) and found that differences !zisted in the two-
described (C24). Girard and Bouju have used a self-consistent dimensional growth of the metals (D8).
formalism to determine the dispersion equation of the coupled Pyrolytic Graphite. Metallic clusters have been studied
electromagnetic modes between a rourh suface and dielecric extensively on highly oriented pyrolytic graphite (HOPGI,
tip and relate these results to AFM main (C25). van der which serves as a model substrate, having been well charac-
Weals interaction forces between a mectallic tp and nooplanar tensed by STM during the past decade. Schieicher et a).
dielectric have been modeled and related to the API •per- observed -10-nm diameter Ag and C particles on HOPG and
atin# in the attractive mode (C26, C27). Various approxi- found that the particle surface concentration and shape dif-
mations used to relate the previously found dispersion rela- fered from that expected based on TEM studies (D9). Tip-
tions to simpler models (i.e., continuum description, u particle and/or particle-surface interactions were proposed
summation models, etc.) have also been proposed (C28). to be the source of the observed discrepancies. The initial
Hartman has modeled the van der Weal- forces between the stages of Au film formation on HOPG -was reported to occur
ip and sample in AFM, on the basis of macroscopic quantum by coale•cence of microclusters, - 2-5 um in diameter. into

field theory, and shows that the VDW for• reflect the surface la• r islands (D1O). T7e prparation of -F-nm Au particles
dielectric propertim, In addition, the presence of highly polar onHOPG has also been dis (DlI). Womelidorf et al.
liquids n the gap has been shown to reduce the VDW fores, studied the effect of different aggregating agents on the de-
reducing the tindency for the tip to jump to contact with the poion of Au colloidal .upensions on HOpG and found that
substrate (C27). ionic salts deposited with the gold formed an ordered hex-

Ducker et al. used the AFM to measure the force between agonal lattice (D12). Becker et al. found that Au5 clusters
a silica sphere attached to an AFM cantilever tip and a flat deposited on HOPG are stabilized by chemical bonding of
planar surface of NaCI and demonstrate that the forces are phosphim to the Au surface (1313). Au and Pd clusters de-
consistent with the double-layer theory of colloidal forces posited on HOPG and Au were studied by Van de Leemput
except at very short distances (C29). Krantznman et al. have et al. (D14) who imaged ligand-tabilized Aux(PPh 12 , and
compared calculated constant-force mode AFM images, of the Pdn(plemnh, Imams of the clustr obtained with a duster
two cleavage plae Othe (100) surfa Of ,L-heiDe and find attached totbm tip are also interpreted in terms of the tunnel
that they are virtually indistinguishable if the tip is modeled distance, On a larger scale, Strng et aL studied Au thermally
as s cluster (C30). In . , a distinction between the two evaporated on HOPG and found the islands were approxi-
surface planes may be nade if one monitors the variation in mately triangular- or diamond-shaped and composed of
topograhy as a s a force in different scans. Ab initio stacked layers of (111) planes (D15).
totaenery calcula ats the interaction potential between Ko&im et al reported on the deposition of 4-nm Pd clusters
graphite a Pd hae been. reported (01). The atomic scale on HOPG which coalsced and grew epitamially along the (Q11)
modulation of the friction force and the stick-slip motion at direction (D16). Siperko sthdied a Pd-Sn catalyst adsorbed
the interface of the Pd/graphite system in a friction force on the basal plane of HOPG and found that the catalyst OK
microscope is discussed (C32) and used to model the effects particle formed a ordered array (DI 7). Subsequent electroless
of long-range VDW forces on the tip-substrate interaction Cu deposition over the catalyst particles resulted in a uniform
(C33). Forcada at al. have also employed a theoretical model coal= of Cu. Kenndy et &L, using STM and AFM, inves-
of tip-substrate interactions in AFM to discuis discrepancies tigated the nucleation and growth of a Pd colloid, followed
between thickness of lubricant films as measured by AFM by deposition of slectrole Cu, on HOPG for optimizing the
and ellipeometry (C34). procedures used in manufacturing multilayer circuit boards

D. IqTIt]•CIALSTU IF•(DIO).
D. INTEEFACIAL STUDIES YYeun and Wolf studied Pt catalysts prepared by im-

D.I. Metal Surfaces and Clusters. STM is well suited pregnation and ion exchange of the precursor salt solutions
for investigating the nucleation and growth of metal films on on HOPG (D19). The annealing of Pt thin films deposited
atomically flat metal and semiconductor substrates. A sig- on HOPG was investigated as a unctio of temperature (D201
nificant faction ofarticles published during the last yew focus Electronic surface perturbations of the HOPG lattice near Pt
on this area, with particular attention given to ultrahigh particles have been attributed to periodic charge density
vacuum studies of well-defined substratei Metal deposition modulations (D21, D22).
on isulating substrates, such as polymer films, can be in- Semiconductor Substrates. The atomic structure of sem-
vastigated using AFM but has not been as extensively re- iconductor-detal interfaces dominates the electrical properties
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of many microelectronic devices. Scanned probe methods are dimers rather than substituting for the tpmost layer of .t
capable of resolving the atomic surface position of metal dimers (D44). An Sb dimer structure wu also found on the
adatoms during the first stages of metal deposition, thus Si(001) 2 x I surface (D45, D46). Bki et aL have also studied
providing a means of obting ng detailed expermental core- the evolution of In-induced reconstructions on Si( 100W 2 x I
lations between structural ad electronic properties. As ex- as a function of temperature and In surface coverage (D47,
pected, investigations of metal deposition on Ge, Si, and GaAs D48).
dominated the research activities in this area. Other metal deposits on semiconductors studied by STM

Bremer et al., using AFM, showed that vapor deposition include Cs on lnSb(l10) (D49) and GaAs(1l0) WD50), Mg on
of Cu on Ge substrates formed thin films by coalescence of Ga/s(1 10) (D51). Sm on GaAs(1l10) (D52), S on GaAs 053).
small atomic aggregates of Cu atoms (D23). They also in- and Au on GaAs(110) (D154).
vestigatsd the morphology and oxidation state of the film after Insulating Substrates. Metal deposition on mica has been
exposure to ethylene oxide. Leibele et al. found that Sb films reported by numerous research groups (D55). Rabe and
exhibit different morphologies when deposited on Ge(110) Buchholz observed that surface modification r' Ag(I 11 ) fitms
depending on the temperature during deposition (D24). epitaxially g-own on mica wa caused by field evaporation of
Krausch et al. studied In films on Ge(100) at room temper- the sample or tip material and not by current effects 4D56.
ature and found that, even in the submonolayer range, In Colchero et al. used AFM to study Pd clusters evaporated on
island growth occurs in three dimensions and the films are mica in UHV (D57). The authors found that the truncated
rough up to several hundred monolayers (W25). trigonal shape of the clusters had a diameter to height ratio

Yang et al. have studied the interface between thermally off 10, agreeing with TEM measurements. Buchholz et a&.
evaporated Ti on GaAs(110) (D26). These same authors have compared Au, Pd, and Cr films evaporated on mica at vanous
also examined Ag nucleation and growth on GaA3(110) at 300 substrate temperatures and found that epitaxially grown
K and have found Ag atoms nucleate with no preferential Ag(111) films evaporated at 275 OC exhibit the largest and
orientation on the substrate and grow into clusters of - 250 flattest terraces (D58). dc sputtering, ion beam deposition,
atoms (D27). Continued deposition results in the growth and and thermal deposition of various metallic films have been
coalescence of the clusters, with preferential orientation oc- compared using STM (D59).
curring at -5 monolayers. Trafas et al. have studied the Dawson et at. studied the surface roughness of Ag films
nucleation and growth of Cr overlayers on GaAs(110) (D28). deposited on glass and CaF2 and compared these results to
Their studies indicated that the initial Cr adatom surface those obtained from surface-.nhanced Raman spectroscopy
mobility is high due to weak chemisorption to the GaAs (SERS) (W60). They suggest that the small SERS signals
substrate and that adatom•s show a preferential clustering in obtained on fast-deposited Ag films are the result of the small
the [211] direction. Disorder in the clusters was attributed grain size, leading to an increase in the elastic scattering of
to intermixing of the Cr with Ga and As atoms. Phaner et surface-plamaon polaritons at the pain boundaries and sub-
al. have compared the morphological difference between Au sequently to a decrease of the SERS signal. Yamada et &l.
vapor-deposited on n-GaAs and an autoactivated electrolees prepared atomically flat Au films deposited on polyimide and
Au film on the same n-GaAs sample (D29). Clustering of Al SiO2 using an ionized ckdter beam and observed a correlation
atoms deposited on p-GaAs(110), with preferential nucleation of the film surface roughnes with acceleration voltages (D61).
of Al over the Ga sites, has also been investigated (D30). The Similar studies of Au films deposited on silica by evaporation
morphology of epitazial fcc Co/Pd(ll1) superlattices grown and ion-assisted deposition were reported (D)62),
on GaAs(110) was reported by England et al. (D31). Surface Reconstructions. The reconstruction of single-

Bauher has used various techniques, including STM, to crystal metal surfaces on exposure to various adsorbates, in
develop a structural model for the 5 x Iphase oberved in pticular oyn, has been studied extensively by STM.the Au/Si(111) system at low coverages (D32). Hasegawa et Using AFM, Weienhcr etaL imaed the v'3 x v3-R30

al. have studied the initial steges of Au growth on Si(111) and structure of Bi(111) in air (D63). Using STM, Meyer et al.
found that, at low coverages, the Au-adsorbed 5 x 2 structure found that the W(001) surface formed a two-domain 2 x 1
does not interfere with the Si 7 x 7 structure (D33). However, structure after the oxygen covered surface was anneised at
the Si substrate begins to show the 5 x 2 structure with >1000 C (D64). They also confirmed the mining-row model
increasing Au coverage. Similarly for low coverages of Pb on for the 2 x I structure and showed the preferred location for
Si(l 1) 7 x 7, the Pb atoms occupy sites above and between the 0 atom was either over a 3-fold hollow site or over a W
the Si adatoms leaving the 7 X 7 structure intact. An unusual atom in the second layer.
V3 x "'3 phbm having a Si:Pb ratio of 1:1, appeared during Koptzki and Behm discus image contrast mechanisms for
annaling D34). Nogami et aL investagatedAl films deposited features observed on owygn-covered Ni(100) surfaces (D65).
on Si and showed that Al forms w of adsorbed dimers which Hasm et al. investigated the mitsing-row reconstruction of
are perpendicular to the Si dimer row of the Si(100) surface the (110) terraces of Ni(771) when exposed to oxygen (D66).
(D35). As the coverage of Al is incrased, local 2 X 3 and 2 Baeumer etA L showed that Ni(100) expoesd to O0 forms a 4-5
x 2 phases develop, which then evolve into a 2 x 2 array cf layer thick film of NiO(100) comprised of 50-A crystallites
dimers at -0.5 monolayer. At larer surface coverages, Al (D67). A large mismatch in the lattice constants of Ni and
clusters grow on the 2 X 2 surface. Sahara et al. studied the NiO causes strain betwe the metal and oxide layer and leads
growth of Al films photodepoaited on Si wafers from di- to defect sites between the NiO islands.
methylaluminum hydride (DMAH). Their studies indicated Beembmach et al. studied various metal and semiconductor
that the moIrpology of the Al " land_ is independent of Ulu- surfaces, including Cu, using STM and found similarities in
mination, rulig out - migrato of the Al adatoms the final oxygen-induced reconstructions of theme materials.
(D36, D37). t a al. have studied the adsorption of however, the growth modes wer different (D6). Kern et aL
alkali-metal ions, including Li, K, and Cs, on Si(lll) and stdied the Cu110 2 x 10 face and found that aniotropic
Si(100) by means of field-ion STM and find that the alkali- Cu-O islands are aranld into periodic strips alon the (001)
metal atoms are almost completely ionized on the Si(l 1) 7 direction (6). The width betwee the stripe awanstit
x 7 surface; a small charge transfer occurs on the Si(100) 2 on the oxygen coverage and temperature. Wiatterlin et al.
x I surface (D3&-D41). An extensive set of total-energy and studied the diffusion of Cu and 0 atoma in the reconstruction
force calculations have been used to model the interaction of of Cu(110) and found that the rate-limiting step in the
alkali metals on Si(001) 2 x I at different surface coverages transformation of the I x I to 2 x I reconstruction was the
(D42). diflimon of Cu ato from stepped rsoom (70O). In addition.

Elswijk at al. have reported investigations of Sb deposits it was observed that n Cu-0-Cu strng stabilize the
on Si and observed that, at low Sb coverages, the adatoms growth of the 2 X 1 islands. Similarity, when Ag(II0) ise
substitute for Si in the 7 X 7 reconstruction of Si(1 11) (D43). exposed to o aygen, one-dimen-ional liner AS-O-Ag chains
At - 1/3 nmonolayers, the distorted 7 x 7 structuWre as well as were obsorved(71).
a V3 x V,3-R30* reconstruction was observed while at full Niehus et al. studied the nitrapn-induced 2 x 3 recon-
monolayer coverage., a I x 1,2 X 1, and a second V3 x %/3 struction of Cu(110) and discusedhow the highly directional
reconstruction were observed. The electronic state density interactions between the Cu-N-Cu bonds determines the
of clean Si 7 x 7 was compared to thes Sb adlattics. Nopmi nature of the reconstruction (D72). Potassium-induced re-
st al. found that the surface was terminated in a symmetric construction of Cu( 10) proceeds via homogeneous nucleation
Sb dimer structure and the Sb grows as additional layers of at low coverages and anisotropic growth along (110) at higher
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ceverages (D73). Ogletree et aI. studied the sulfur-induced Kopp applied STM to the study of several itainies iteeiareconstruction of the basal plane of Re (W74, D75). kDl00).
Roberta at aL found that air or water vapoi injected into The effect of surface plasmons on the tunneling currenta controllad environment STM induced changes in the surface between a W tip and polycrystalline Ag film have been re-

m .. i of an annealed Au surface (D76). Haiss et al. have ported (D101). Plasmons results in an increase in the tun-
both theunreconstructed and v'3 x 22 reconstructed neling current of 50 pA and have a different dependence onAu(111) surface in air and in triethylene glycol or propylene the tunnel gap separation than the normal tunneling currents.

glycol (W77). Spectroscopic measurement of light emitted between variousGimzewski et al. studied the formation of antiphase metallic tips and substrates was obtained by Smolyanuiov etboundaries on Au(110) 1 x 2 and found that the nucleation al. (W102). They found that the energy of emitted photons
and growth of the 1 x 2 baseoccurs predominately by mass was less than the voltage applied to the tunnel junction andtransport via kink sites (78). These authors also discuss the compared the voltage of the emission -aximum to the surface
importance of domain boundaries in stabilizing unfavorable plaamon energies in the junction. The angular dependencesurface structures (W79). The influence of steps on the for- of the light emission intensity was monitored to investigatemation of missing-row reconstructions of Au(991) has been surface plasmon polaritons on an Au thin film (DI03).reported (D60). Au(991), which is a vicinal Au(110) surface D2. Semiconductors. Investigations of semiconductorswith (111) steps parallel to the close-packed rows, has terraces by STM frequently includes correlation of surface featureswhich can accommodate two missing rows. In addition, ex- with the density, of electronic states. The latter are measuredtended regions of the stable Au(551) I x 2 phase were ob- by local tunneling spectroscopy (TS) or scanning tunnelingserved. spectroscopy (STS). Data are frequently presented as (d].Miacellaneous Studies. Ion implantation of noble gases in V)/i/V) vs V spectra, where I is the tunneling current
metal surfaces frequently generates surface defects that can obtained at a tip-sample bias, V. The quantity (dI/dV') / i V)be readily identified by STM. Michely and Comm observed, represents the differential conductance (dI/dV) normalized
for instance, that bombardment of Pt(ll1) Uith i-keV He+ to the integral conductance (I/ V). This method of plottingions caused vacancy islands, an increase in the density of the I-V data yield spectra that are correlated with electronic
dislocatmo, a large density of h adatom islands, and surface density of states (DOS). Fan and Bard, for instance,raised surface areas with subatomic heits resulting from He have obtained STM inaes and I- V curves of a highly doped
bubble formation (DSI). Kr÷ implanted into Ti also produced n-type FeS 2 (001) crystal in air (W104). The I vs V data are
a raised surface in areas where ions had implanted (D82). discussed in terms of the band locations, localized states inMichaly and Comna also examined the morphology of Pt(ll11) the band gap, and band bending. In other studies, STM issurfaces as a function of annealing time both before and after used in conjunction with photon biasing to obtain electronic
sputtrin with 600(eV Ar÷ ions (D83). A transition from pit parameters and to measure minority-carrier loosem at surface
formaton to layer-by-layer removal of the Pt surface was defects (W105). Zhso et aL have used STM, STS, and opticalobserved, and the role of vacancies and thermally excited ctroc to characterize CdSe particulate semiconductora iatom was discussed. Lang at aL studied the erosion of Au l on diodecydimeth onium bromide monolayers
films bombarded with Ne÷ and derived energ-dependent W106). In these studis w(s r) yedsan caersieditrhoo fomSM indW MUOg m Stu"i,:T was used to determine the size
sputter yl and crater size distributions from imas of the CdSe particles and their degree of interconnectivity.
Wb84). while the specroampic data were employed to quantify the

Teoch at aL compared clusters formed in laser-induced rectifying semiconductor behavior of the ensemble. In similarablation of SL SiC, PK and U0 2 and evaporation of U0 2  studies, the morphology and spectroscopic properties oflaser ionization time-of-flight mams apectrometry and Ssize-.untized C and Z= S particles on various substratesAll the clusters observed in the N e imaps were approxi- including cadmium amchidate, zinc arachidate, or metal-mately the mame size, makringSTM a questionable technique ion-coated monolayers was investigaetd (W107, D108).for identification ( ). Scandella at aL studied the Ar+ ion Feenstra and Lutz have used STM to study the transfor-etching and splat-cooling of Nb 0 Niao alloy nanocrystallites mation of the Si(W11) 2 X 1 structure to the 7 x 7 structureand the effects of laser quenching on the crystal morphology as a function of time and annealing temperature (W109). An(186). The use of ballistic electron emission microscopy has observed 5 X 5 structure is consistent with the dimer-ada-been reported in investigations of metal-metal and metal- tom-stacking-fault model; a r-bonded chain structure issemiconductor interfaces (W87-D89). confirmed for the 2 X I structure (D110). Theory predicts
Ohmori at al. observed that Pd underwent morphologcal that buckling in the %/3 X %/3 reconstruction lowers thechanges in the presence of electrochemically adsorbed hy- surface energ of the Si(UII) surface; however, the lower en-drogen, including the development of the 0-phae and no- ergy 2 X 1 vr-bonde chain reconstruction can occur if defectsdu/ar-like structures (DW ). Besenbacheratal. characterizsd are abisnt (ll). FUst-prindple electronic statem calculationsthe morphology ot an Fe-baed NH rsynthesis catalyst (1)91). have bean ued to smulate the neptive differential resistanceDeKoven and Meyers found that polycrystalline Fe surfaces observed in STS data on the S,(11) V/3 X V'3 structure

exp~osedc tog p lUrdlethyll eother exhibited two distinct (D112). Kitamura et &L have observed the I X I to 7 x 7fction cAn &_ w Pondod to two morphologi- surface recon'sctii o (Si thin films above 800 *C and reportcally different regi • n m= ri n (Dof). Endo at al. have step formation and migration during the process (D113).obtainedatomicr ehmusofPd, Au, and Mo under Tarach et aL have studied the Si(111) 7 X 7 and Si(001) 2diffusion pump 1 0 i in aH and conclude that the X I reconstructions in the vicinity of step edges and haveoil maintaims a cl, bt metal surface (W93). Rice and observed buckled dimers on the latter surface (W114). InMoreland umd STM to the magnetic frrofluid particles additio they have investigated the structural transitions onon the surface of a had dik (D94). Tang at al. have inve, laser-irradiated Si(111). Knell at al, have imaged the emptytigated terrace structures on Pt/Co multilayer thin films and filled states in the Si(113) surface and conclude there is
deposited on lass by Ar and Xe sputtering (M)6). The fea- strong evidsace for a 3 x 2 unit cell and explain reports oftUms obsrVd by TM ar interpreted in terms of the eonery a 3 x 1 reconstruction in terms of the density of domain
distribution of the inert gas atoms. boundaries (W)115). Sugimra at al. have observed individual

Screw dislocations, Lomer-Cottrei• locks, stacking fault dimer atoms, in the occupied state images of Si(100) andtetrahedron, et. on Ag(I I) have been investigated by STM discuss the role of aledtc deformatiom on the observed image(). )Evemron et &L have studied the differencas in the local (D16).. A Ginsberg-Landau model is used to model dis-
density of states (DOS) on flat Au( 11) as compared to that crepancdes between STM images, theory, and scattering ex-on monustomic steps and pita and narrow terraces in UHV perments. In this latter stdy, the Si dimers are allowed to(W97). Maooatomnc stop amw a decreas in the surface DOS assume a tilted configuration (hIlT). B trocks at al have also
while narrow terress have essentially the same surface DOS used first-principle totd-aniy caluli to calculated the
as the flat Au(111) plan. Fractal growth of Au deposits has acti vti ple f, d/firm/on o an Si atom Parllel (0d6 te
been investigated using STM W98). and per1ear (.0 eV) to the dimer rows on Si(100) andLankford and Loagnire characterized the fatigue fracture propose that one-imensional hopping of adatoms should besurface of a stainless steel with the microfracturee in a SiC observable at low temperturs using STM (D118).fiber-reinforced TipAl composite and compared the results ST and- STS data have been reported for oxidi-ed n- andwith those obtie from SEM mage (D99). Komaica and p-type Si(00) and p-n junctions formed by implantation of
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P into B-doped Si wafers (DI19). Kordic et al. have used a been investigated by electron-tunneling techniques
two-dimensional STM to image the contrast between p- and Multiquantum well (MQW) structures, such as GaLn., InP
n-type regions in a biased Si p-n junction (DI20). Hessel et (DI75-DI77), GaAs/AIGaAs (DI78, D179), and InGaAs
al. have mapped the distribution of dopant around an im- InAlAW (DIS0) and the effect of doping these structures have
plantation mask edge and found high doping levels corre- been investigated by STM. Electron-tunneling images of the
sponded to an ohmic I-V curve, whereas, tow doping levels MQW structures reflect the shape of the MQW potential
displayed a Schottky barrier behavior D121). STM has also Luminescence induced by electron tunne has been used
been used to measure the three-dimensional impurity profile to study 113-V heterostructures, such as AI.GA,_,As tDii -
of B in a metal-oxide-silicon structure (D122). Comparison D183). Information on the band-bending, the conduction-
of this method to results from secondary ion mass spectrom- bend discontinuity at the interface, trapping centers associate-e
etry and spreading resistance methods shows that the acti- with defects and impurities, etc. can be obtained using this
vated boron impurity concentration is measured rather than technique.
the total boron concentration. Combined STM-luminescence studies which examine the

Several authors have used STM to measure the surface surface morphology, including reconstructions, terrace widths.
photovoltages of semiconductors such as Si(111), Si(100), kinks, and steps, of GaAa(001) grown by MBE have been
InP(100), and GaAs 100) when illuminated with laser irra- reported by a nutmber of researchers (D184-0187). McCoy
diation (0123, D124) or monochromatic light (D125). and Maksym have also performed Monte-Carlo simulations

The mechanism of adsorption and desorption of H and 0 to model the MBE growth of the 2 X 4 reconstructed GaAs.
on Si is of interest in microelectronics processing (DI2--DI32). (001) surface and find the results correlate well with STM
STM imagessuggesta SiH aspecies on the Si(11) surface after images (D188). Similar STM studies are reported for Ga-
exposuretoHF (0133). A. M images of Si etched in 48% HF As(110) (D189. D190).
show a disordered surface, while those etched at pH 5.5 or Bonnell et al. have used tunneling spectroscopy to detect
9 in HF/NHF show a well-ordered hexagonal structure (D134, the photoexcitation of charge carriers in wide band-gap sem-
D135). In addition, differences exist in the surface morphology iconductors such as ZnO and cubic SiC (D191). Valence-to-
of etched Si surfaces after exposure to aqueous solutions of conduction band transitions were detected for the SiC samples,
differing pH's. Carrejo et al. studied the fractal topography while charge-transfer transitions from the dopant levels were
of polysilicon films under dilute HF solutions and observed observed for ZnO. In addition, the tunneling spectrum of ZnO
that the surface roughness increases with film thickness was altered by continuous exposure to ultraviolet light. Rohrer
(D036). et aL also have used spatially resolved TS to investigate the

Avouris and Lye have studied the interaction of Si(111) 7 effect of different surface treatments (e.g., annealing and
× 7 with H20 and 02 and propose a dominant dissociative exposure to air) on terraces and grain boundaries of ZnO
chemisorption mechanism for the H20 interaction (D137, (D192). STM was used to investigate the geometric and
D139). Pelt and Koch have proposed a two-stage mechanism electronic structure ofZnO(0001) (D193). Steps on the surface,
for 0 reacted on Si(111) 7 x 7 at 300 K, based on topographic which are composed mainly of (1010) and (1120) faces, in-
images (D139). Annealing the surface at 625 K changes the troduce mid-gap electronic states in the I-V curves.
number and site preference of the two stages markedly. The atomic arrangement and defects on n- and p-PbSeU100•
Kobayashi and Sugii proposed that the thermal desorption as well as MBE layers of PbSe on BaF have been investigated
of native oxides on Si(111) occurs by the formation and lateral by STM (DI9M. In the cme of the M;E layers, the (100a and
growth of voids rather than layer-by-layer growth, in agree- (111) orientations of PbSe occur preferentially at specific
ment with RHEED and AES measurements (D140). TS data substrate temperatures. Foecke et al. have measured the
on ultrathin Si0 2/Si structures and H-terminated Si surfaces crack-tip morphology and upsets the flanks of the cracks
yielded normal and defect site spectra in the former case but in PbS and SL They discussed the effct of STM tip geometry
only normal spectra in the later case (D141). The defect and scan conditions on the image of the resulting cleavage
spectra show negative differential resistance, which has been crack (D19).
ascribed to resonant tunneling through localized defects in Rohrer and Bonnell studied TiO2 and monitored local
the oxide. variations in the surface Ti:O stoichiometry using STM

Several researchers have used STM to study the topography (D196).
and electronic properties of faults (D142), kinks (D143), grain DJ.. Superconductors. The microscopic properties and
boundaries (D144), and steps (DI45-DI50) as well as step conductance spectra of films of NbN have been
motion (DI51, D152) on Si and compared these properties to studied at 4.2 K using STM (D197). By cooling the films
theoretical calculations (Dt53-D056). Hartmann et al. have under a magnetic field of 0.1 T, a vortex corelike structure
discussed the usefulness of the STM as a tool to study the was observed (D198). Low-temperature tunneling spectros-
roughness and surface topography of polished Si wafers copy data on the Nb/InAS/Nb superconducting system shows
(D157). how the local density of electronic states of the InAs layer was

Nucleation and growth of Ge overlayers is described for modulated by the superconducting Nb layer (D199). Thom-
Si(ll) 7 x 7(D158) and Si(001) (D159) substrates. Mo and samon at aL have used STM to monitor film smoothness and
Lagally investigated the aniaotrop in the surface migration measure the thickness of NbCN tunnel junctions (0200).
of Si and Ge on Si(OW1) and found that surface migration is Chen at &L obtained images and spectroscopic data from 4
> 1000 times festsr along the substrate dimer rows than K to 400 K on Pb films and found that there are sharp changes
perpendicular to them (0160, D161). Alvarez et aL have from the expected N-I-S tunneling characteristics to normal
studied the a growth of FeSi and FeSi2 grown tunneling conditions at certain regions in the film (W201 I.
on Si(100) using STM and find that the presence of surface Using spectroscopic measurements obtained at low temper-
step. on the Si induces a more epitaxial growth (DI62). ature, the density of electronic states in a superconducting

Klitaner at al studied the oxidation of G.(11l)-c 2 X 8 as vortex core in Nb1 .TaSe 2 has been measured as a function (
a function of temperature and found that at room temperature of the disorder in the system (D202).
the primary nucleation sites are boundaries between domains Several resserch. have used AFM and STM to investigate
of different orientations of the c 2 X 8 reconstruction, defects, the growth, surface structure, including the presence of dis-
and disordered adatom regions (D163). At higher tempera- locations and their affect on flux pinning, and effect of etching
tures, the oxide nucleates uniformly suggesting that the c 2 of dCuO-7 f and superlattics of YBCu30,, 1 and
x 8 reconstruction is degraded at elevated temperatures. PrBa2 CusO. 7,(D203-D208), Moreland and Rice have used
Hirsechorn at al. observed buckling of the Ge(111)-c 2 X 8 low-temperature tunneling stabilized magnetic force micros-
surface upon annealing (D164). Conversion of the Ge(l1l) copy, where the tunneling tip is made of a flexible magnetic
2 x I murface into the c 2 x 8 surface upon annealing has been material, to the topography and magnetic forces on
reported (D185). Surface disorder in the c 2 X 8 region, was samples of YBaCu130, (D209). Preliminary data show that
sugested to be the result of surface adatom diffusion in the large magnetic forces are acting on the tip during scanning
(001) direction (D166). at 48 K. STM and AFM have also been used by several

Heteroepitaxial films of Ge on Si(100) (D167), GaAs on researchers to characterize the morphology, tunneling char-
InP(001) (D168), InGaAM on GaAs(100) (D169, D070), GaAs acteristice, effect of 0 depletion, and effct of etching at room
on GAP(001) (D171), Sb on GaAs(110) and InP(110) (D172), and low temperatures of Bi1Sr2CaCuO, superconductors
Bi on GsP(110) (D173), and As on Si(l00) (DI74) have also (D210-D217). Samante at l. have imaged the incorporation
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of 0 into a high-T Bi/cuprate-based superconductor and use Akari et a&. have monitored the growth and orientatirn
T'S data to relate this phenomenon to the subsequent decrease equilateral triangles from clusters following a voitage p,..se
in the T, of the superconductor (D218). Wang st al. have a pplied between the tip and an atomically flat WSe2 Surface
characterized the morphology of superconducting Pb-Bi- (D238). All the triangles were found to have the same on-
Sar---Cu-O single crystals using STM (D219). Surface entation with respect to given orientation of the substrate,
a he•-crjst TlCaBa2CuO in air has been ob- reducing the 6.fold symmetry at the atonic Se surface to that
servedusing TM (W OO). STMV as alobeen used to identify of 3-fold symmetry at the molecular WSe 2 layer, Van Bakel
the metallic near-trional and semiconducting orthorhomic et al. have imaged the trigonal symmetry of the TiS2 lattice
structures of TIjC•Cu 2Ba205 and Tl2Ca2Ba1 Cu 30 10 single as well as several other new features (D239). A model in-
crystals (D221). volving displacement of Ti atoms is presented to account for

D.4. Layered Compounds. Layered metals and semi- the observed features.
conductors can be cleaved to yield large-area, atomically flat Saulys formed pita in the surface of Nos5 Moo0j6 by briefly
surface regions that are ideal for high.reaolution AFM and increars the bias voltage or tunneling current between the
STM studies. In addition, the materials and electronic tip and, e sample (D240). Explanations for the change in
properties of layered compounds, accentuated by their low the pits with time, forming either faceted or rounded shapes.
dimensionality, is rich but less well investigated than most are discussed. Rudd et al. have also imaged NaMo,,•O- and
conventional metals and semiconductors. In particular, charge Rbo MoO3 and discuss their images in terms of the defect
density waves (CDW) and other supraatomic surface struc- creation techniques, the relative defect stabilities, and CDW's
tunes resulting from crystallographic mismatch of the outer- of these materials (0241).
most surface layers has been heavily research during the past DL Carbon. Because of the ease of surface preparation.
years. highly oriented pyrolytic graphite (HOPG) continues to be

Parkinson et al. have imaged the periodic distortion caused frequently used as a substrate for img molecular adsor-
by the van der Wala interaction between epilayers of tran- bates. Clemmer at al. (D242) and Chang et al. (D243), how-
sition-metal dichalcogenides (TMD's) grown by molecular ever, have imaged a number of anomalous surface features
beam epitaxy onto other TMD's (D222). Epilayers of MoSei  on bare graphite surfaces which are strikingly similar to
deposited on various substrates by van der Wasla epitaxy show structure, previously identified as molecular adsorbates, in-
novel surface structures which result from lattice mismatch cluding inages of DNA and polymers published in the late
(D=3). Heckl et aL used STM. AFM, and SIMS to investigate 1980's. These rse rchers discussed general problems asso-
2-nm scale ring structures on the surface o naturally occurring ciated with us'in HOPG as a substrate.
MoS 2 (D224). The differences between the natural and syn- Siperko used STM to observe variou= features, including
thetic (rincess) forms of the material are discussed in terms he ago etch pits, steps, and crystals, on graphite surfaces
of the fossilization process and electronic effects caused by ?HO p l graphite, bensens-dsrived graphite.
point defects. and triphenylene.derived graphite (D244), Several authors

The observation of a negative differential resistance in the have imaed superperiodic hexagonal domains on the surface
current-voltage curves for 2Hb-MoS2 in UHV has been dis- of HOPG both in water and under solution (D245-D248).
cussed in terms of a perturbation of the energy density of Myrick at al. showed that TS data taken from defect areas
states by a contamination-induced peak, charging of electron on graphits have a lower surface density of states and suggest
traps, and resonant tunneling in a double-barrier quantum that %S data may make the distinction between defects and
well structure (D225). Parkinson et aL have discussed atomic molecular adsorbates easier (D249).
resolution STM and AFM images of RaSe 2 in terms of DOS Brown and You have used STM to characterize the mor-
calculations and proposed four crystallographically distinct pho.ogy of, l.sy-carbon surfaces. Two types of structures
surface Se atoms (D226). exist re addition to the normal graphite structure, one being

Wu and Lieber have used variable-temperature STM to a granular structure with pain sizes from 80to2,OAand the
investigate the nearly commensurate charge density wave other consisting of a curved fibrillar structure (D250).
(CDW) phase in 1T-T&S., The commensurate CDW has a Olk at al. have imaged a stage-I graphite intercalation
hexgonal domain structure whose period was temperature compound (CeCuCLI) at both positive- and negative-sample
dependent (D227). Slough at al. found that the CDW am- biases with respect to the tip. At positive-sample biases, a
plitude in 1 T-TaLS at room temperature shows a long-range hexagonal symmetry was observed (due to the ABAB stacking
modulation which gives rise to a two-dimensional pattern of arrangement) rather than the 3-fold symmetry of noninter-
domainlike regions rotated with respect to the CDW super- calated HOPG. At negative-sample biases, a different image
latice (D228). Burk has also imaged the domain structure in was obtained where the pattern is mainly due to the intercalate
the nearly commensurate CDW phase of 1T-TaS. The fine layer and perturbed graphite (D251). A new orthorhombic
satellite structure has been identified using Fourier-trans- superlattice was observed in the stage- i KH 4 compound.
formed STM images, in agrwement with the a 'Mude-domain Kelty and Lieber have imaged and disc1ý!dthe origin of a
and phas-domain model of Nakaniahi and Sh'iba (D229). Nb new commensurate 2 X 2 superlattice in addition to the
impurities in the in mm urate CDW phase in 1T-TaS 2  he oal bphite lattice in stage-i KHgC and stage-2
have been shown to cmam dislocations reasultin in random KH&M, graphite intercalation ompounds (D251). They have
rotations of the CDW. Te results are disued in terms of also imaged a commensurate 2 X 2 and an incommensurate
weak pinning and the esisteiec of a bheatic CDW phase superstructure on KH 4C4 and a one-dimensional super-
(D230). 'Sakaai t aL hove observed the structure of a structure and two-dimeionl smerlttice on KH9jC (D253).
stacking boundary ef•_ eumoly cmm tte CDW's in IT-TaS2 The atomic pack , defect structures, and electronic
caused by intercalateadTa atoms (D231). structure of C epataxialy precipitated on Ni(O I) was found

Garass• t al. have ;m@d AFM to image the commensurate to be essentially identical to that of HOPG (D254). Itoh et
CDW structure on iT-TeSs,2 the incommensurate CDW al. have used LEED and STM to study a monolayer of gra-
structure on iT-TaS2, and IT-T718 and 2H-NbSe 2 (the latter phiteepitazally gown on TiC(11l) and discuss TS data on
does not show a CDW) at room temperature (D232). Three the surface band structure of the monolayer (D255). Murata (
types of CDW vertices (triangular, rhombic, and hexagonal) at al. hew imaged a disordered carbonaceous film composed
imaged on IT-TaSe2 in air at room temperature have been of benzene rin prepared by pyrolysis of cyclododecane on
described (D233). Using atomically resolved STM i es, a quartz substrate (0256). Ito at a.L found that carbon films
Gammie at aL have analyzed the struetre ot o-TaS (DM233). synthesized by direct ion-beam deposition at 100 eV have the
Dai at al. have shown that the three pairs of chains n the smoothest surface (D257). Vandentop at al. studied the nu-
NbSes unit cell all carry a strong CDW modulation at 4.2 K, cleation and growth of hydrogenated amorphous carbon films
in disagreement with previous results (D234). At higher on HOPG and silicon and observed a more homogenous
temperatures, the CDW i localized on only one pair of chains growth on silicon (D25).
Synchrotron single-castal intensity data suggest a difference Numerous researchers have used STM or AFM to char-
in the CDW modulation slong the different chains in NbSe3 acterize the nucleation, growth, effect of doping, morphology,
(D235, D2N). Wang at a&. have measured the CDW energy and I-V characteritics otchenu y vaporde.positeddiamond
Sin 1T-Tafe,, " T-T1 &, 1T-VSe,, 1T-TL% 2H-TaSe 21- films (D259-D267).

T•, and 2H-Nb and find a systematic dependene of the The effects ion-bombardment of graphite surfaces was
Wstength on the materials properties (D237). studied extensively during the past year as a function of the
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ion flux and sample temperature (D268-D272). Surface polyi2,6-dimethylphenylene oxide) 1D294), Zhai et aJ nave
modification of graphite surfaces in air and in liquids has been used AFM to monitor the radiation damage caused by fea"V
reported by several authors (0273, D274). STM has been used ions on the surface of a polycarbonate film (0295)
to correlate the morphology of carbon electrodes after laser- Lee et al. have used a variety of techniques L,cluding STM
activation with measured electrochemical heterogenous to show that implanting Kapton H, Teflon PFA. Tefzel. and
charge-transfer rates (D275-D277). These activated surfaces Mylar with ions such as B, N. C, Si, and Fe improves their
exhibited a significant increase in the surface roughness and smoothness, hardness, and wear resistance (D2961. Using a
number of defect sites. Carbon electrodes can also be elec- special imaging mode of the STM, b on charge trapping,
trochemically activated by application of an applied voltage te degree of uniformity of a perfluoropolyether film on
0D278). STM and AFM images of the activated surface magnetic thin-film rigid disks was examined and found to be
showed an increase in the surface roughness suggesting the nonuniform near scratched regions (D297).
presence of an oxide layer. Lotz et al. have used AFM to image the lamellar structure

Chang and Bard have investigated the oxidation of the of a-Phase isotactic polypropylene epitaxilly crystalized on
graphite surface at elevated temperatures and monitored the benzoic acid (D298). Yang et al. have use STM to image
nucleation and growth of etch pits. In addition, they also helical and superhelical structures in polyiethylene oxidejconcluded that the formation of etch channels on the graphite complexes contai-mj. KY and Nal D299). Mate and Novotny
surface after treatment using both chemically active (e.g. have used AIM, "S. and ellipsometry to show that phvsi.
FeC13. OdS, and H2PtC4) and inactive (e.g.. NaCi and A120 1) sorbed fluorocarbon polymers have an extended structure on
compounds were primarily the result of mechanical interac- solid surfaces (D300). The diajoi•-•i- pressure of a monoiaver
tions of the particles with the graphite surface (D279). of polymer was measured by AF_" Dietz et al. have used

Hoffman et al. have investigated the roughness and AFM to image polysulfone and polyether-polysulfone ul.
structure of several C fibers. including type-II polyacryloritrile trafiltration membranes of different sizes in the dry state and
(PAN)-based fibers and type-TI pitch-based fibers, and the in the presence of water (D301).
effect of heat treatment on these fibers (0280). Hoffman et Electroactive Polymers. STM has been used to correlate
ad. have also investigated the effect of various treatments, the XPS depth resolution to the sputter-induced roughiness
including 0 exposure at high temperatures. 0 and Ar plasma in N -Ooped electrochemically prepared films of Fe-
exposure, HN0 3 exposure. and electrochemical treatment on (vbpy)2(eN)2 homopolymer-poly(vbpy) blends (vbpy = 4-
the morphology of P-55 pitch-based C fibers (D281). vinyl-4'-methyl-2,2-bipyridyl) (D302ý).

D.6. Atomic and Molecular Adsorbates. Eigler et ad. Madsen at ad. have measured the increase in the surface
used low-temperature STM to image individual Xe atoms on area of electrochemically prepared polypyrrole films grown
Ni(110) and found the apparent height of the Xe atom in the on a Pt electrode by several methods including ac impedance
STM image was in agreement with the expected value based measurements, SANS, and STM (D303). The first two
on an atom-on-jellium model (D282). They also note that the techniques indicate an increase in the surface area of 40-50
Xe 6s resonance, which is the origin of the Fermi-level local times relative to Pt while the STM measurements show only
density of states, is responsible for the observed contrast in a 2.2-fold increase. Everson and Helms have shown that the
the STM image. Eigler at ad. have developed a prototype of electrochemical growth of thin films of perchlorate-doped
an atomic bistable switch based on a Xe atom which, by polypyrrole on HOPG starts a small islands nucleating near
applying a voltage plse of a particular sign, can be positioned defect sites (D304).
on either the STM tip or Ni surface (D283). This prototype Porter at ad. have imaged both chemically and electro-
system has potential applications for manufacturing small chemically prepared borate-substituted polyanilines. They
electronic devices. (see "Surface Modifications*, below), observed that the chemical preparation resulted in small
Whitman at ad. have demonstrated the manipulation of ad- amorphous conducting domains as well as nonconducting
sorbed Cs atoms on GaAs and InSb by application of a voltage domains, while the electrochemical preparation yielded con-
pulse between the tip and sample (1284). ducting amorphous islands and polymer coils (D305). Porter

Hallmark at aL investigated the molecular orientations and at aL have also imaged amorphous islands and polymer strands
rotations of naphthalene on Pt( 11) at room temperature in in samples of chemically and electrochemically prepared
UHV (D285). Magonov et al. investigated the morphology poly(3-hydroxyaniline) thin films (D306). Jeon at al. have
of thin layers of 2,3.Fe-naphthalocyanine vapor deposited on studied the growth of thin films of electropolymerized poly-
amorphous carbon (D286). Regions of disorder as well as aniline on evaporated Au electrodes and have measured the
arrays of stacks with periodicity of 0.4 rum in a row and 1.5 --r* gap of the fully protonated emeraldine salt form of
rum between stacks were observed. Individual molecules of polyaniline (D307).
the ferromagnetic crstal, 2-(4-nitrophenyl)-4,4,5,5-tetra- Armes at aL have studied the morphology and coating
methyl.4,5-dihydro-f-imidazolyc-I-oxy 3-oxide, were imaged homogeneity and discussed the mechanisms of conduction in
with AFM and the molecular arrangement was found to be polyaniline and polypyrrole colloids, polyaniline- and poly-
in agreement with the bulk crystal structure (D287). Nejoh pyrrole-coated textile substrates, and electrochemically syn-
has studied the incremental charging of a single molecule of t • films using a combination of STM, TEM,
a liquid crystal at room temperature and observed quasi-pe- SEM, aid X-rays (D308). Thus researchers have used a
riodic variations in the current-voltage curves which were variety of techniques to characterize several polypyrrole-attributed to a chane in the charge oftthe molecule (0288). quartz and polyani.ine-quartz compsite; STM shows that

STM has been umd in oajimotion with electron microprobe the polymer films are thin and uniformly deposited over the
analysis, SIMS, and ATR to study the adsorptin of CO on quartz (D309).
Pt and Pd (D029). Other studies concerning CO adsorption Kamrava at aL have imaged FeCl-dopedpolythiophene,
are discussed below in the section on 'Electrochemica) STM I-doped Shirakawa polyacetylene, an n films of undoped
and AFM." poly(4,4'-dib•ut.-2,2'-b) (0310). The p ophen

D.7, Polymers with Quasl-Crystalline Films. Polymer has a lamella-lik.e structur and shows low or undop d islan .
Processing. AFM has been used to monitor the processing surrounded by highly-doped regions. Mize at d. have used
defect., liner conditioning and aging, and laser beam damage STM and AIM to image the growth and fibrillar nature of
in e-beam evaporation deposited antireflection and high-re- films of doped and undoped polyacetylene poly(3-hexyl-
flection coatings (E290). STM has been used to determine thiophene) and polystyrene and discussed the "lmitations of
whether resolution degradation occurring in undeveloped then techniques in obtaminng atomic resolution (D311). Fuchs
e-beam resist (polydiacetylene negative resist) occurs during at ad. imaged poly(1-butene)(J) films on HOPG and have
the exposure to the 50-kV e-beam or during resist development observed 100-nm flakes (=312). Oka and Takahashi observed
(E291). the slightly collapsed, global shape of iodine-doped poly(lN-

AFM of polyethylene (I) rods during extrusion showed the vinylcarbazole) deposited on HOW.; however, they were not
surface parallel to the extrusion direction consisted of ziz.ag able to resolve any details of the polymer structure (D313).
chains (D292). Smaller scans showed the structure of mdi- Wang at aL studied the effect of different anodization con-
vidual microfibrils including defects in the chains. Individual ditions on the morphology and conductivity of polyphenol
methylene groups have also been resolved in these samples layers on GC surfaces (0)314). Yang et al. have studied chain
(D293). Noncontact force Microscopy was used to investigate conformation, nucleation and film growth, and the effect of
the aging of glassy polymers including polystyrene (1) and counterion doping on polypyrrole/poly(4-styrenesulfonateI
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on graphite and Au/Si surfaces (D3 15). periodic molecular arrangements 10344). Rabe and BuchrinL
Molecular Filmns. Several authors have used STM to in- have used STMI to invest igate the motion of domain bour.d*

vestigate the ordering of liquid crystals, such as the alkyl- aries within a molecular monolayer which forms a 2D poly-
cyanobiphenyls, on various surfaces, including MoS2 and crystal at the interface between the basal Plane of graphite
graphite (W316-13321). Nejob has also investigated the ori- and a solution of didodecylbenzene (0345). A'FM images of
entation and chemical bonding of liq~uid crystals on apoly- platelet-type monocrystals of linear alkanes, n-tritriacontane.
imide surface by several techniques including XFLD, STKW and n-hexatriacontane, cyclic alkanes, cYcloocttetracontan. and
XPS and compared these results to self-consistent MO cal- cyclodoheptacont~ane al showed a regular surface structure
culations (D322), (D346).

C has been imaged on both Au and graphite substrates Wdi ta.hv bandaoi eouino ooae
WA~3. Chen et al. have obtained high intramoleci,.lar contrast Wdi ta.hv bandaou eouino ooae
in imaging a monolayer of Ca on Au and find that every other fillms of ethanethiol and n-octadecanethiol adsorbed on Au-
C atom is imaged (0324). STM images of Cm overlayers, on (111) (D)347). These Latter films form hexagonally packed
GaAa(1lO) show a well-ordered structure, commensurate with arrays, in agreement with He diffraction data which shows
the GaAs surface, and two types of adsorption sites, one being a v 3 x v/ 3-R300 structure. Defect structures in a selIf-as-
elevated due to stress in the C~ monolayer (D325). Li et al. isebled insulating monolayer of CH3(CH2, 1-!.SH on Aut Il11)
have used STM to study the dIfferences in monolayer and have been imaged by electrochemically depositing metal is-
multilayer structures of Cw grown on GaAs(11O) at various lands in the defect areas (D348). DeKaven and Meyers found
temperatures and the effect of potassium incorporation into that polycrystalline Fe surfaces exposed to perfluorodiethyl
Cw (D326). Snyder et al. have used AEM to image Cw de- ether exhibited two distinct friction coefficients which cor-
posited on Ca.F2(1l1) (D327). responded to two morphologically different regions on the

Leung et al. have used STM to image both single chains surface (D)349).
and ordered monolayers Of polydiacetylene, which has non- Keita and Nadjo have* i ed a regular periodic pattern
lI.ear optical properties, onHOPG and discuss the role of H of H3PW120,0 deposited on HOPGO, suggesting that individual
bonding between polymer chains (D328). Hawley and Ben- molecules are imaged (D3,50). Weinrach et al. discuss the
icewicz have investigated the attachment of rigid pendent sprtutr n D uesrcueosre niae
groups to the polymer backbone and the effect of salt con- suferstructued-alnd CDWsuear- nseruconure tobsrve in[ image
centrationa on the morphology of a wholly aromatic polyamide Ojof a rape-alnina-hinsmcodco K[t.2 P
deposited on HOPG 013219. Fujiwara et al. have imaged a 202 4 rI3i (D351).
polyimide LB film based on pyromellite dianhydride and Miscellaneous Studies. Li and Lindsay have devised a
4.4'-oxydianiline on graphite andcmpa thed ainmn of lateral and vertical calibration standard for the AFM, (for the
the polymer chain to molecular dynamics calculations (D)330). manometer to micron range) which involves the deposition of

Hansma et al. discussed the usefulness of the AFM in de- polystyrene latex spheres onto mica to form crystalline layers
termnn the thickness an qlit of LBflsadpresente in a cubic or hexagonal closepacked arrangement (0352).

iaeofCd arachidate monolayers on mica shown surface The morphology of a monolayer of Ag particles formed in
dfcs(D331). Bourdieu et al. have used AFM and otical situ in aqueous Na bis(ethylhexyl) sulfosuccinate and Ca

microscopy to characterize LB films of arachidic acid and alkYlarenesulbonate surfactant reversed micelles and deposited
found that the film roughness and thickness of the bilayers onto a solid substrate was determined by STM and dynamic
corresponds to the fully extended aliphatic- chains on the light scattering (D353).
substrate (D)332). Meyer et aL have also obtained AFM iMof Cd arachidate (on Si) and sugget that the organze Ai STM and AFM have been used to characterize the mor-
has an orthorhombic or monoclinic crystal structure which phology and thickness of illite/smectite particles from the
is independent of the substrate periodicity (D)333). North Sea Jurassic oil source rock (19354).

Weisenhorn et a]. have imaged LB films of the lipids DL- Rauf and Walls have compared TEM and STM images of
a-dimyriatoylphosphatidylethanolamine. L-a-dimyristoyl- ITO films and found that the two techniques give generally
phosphatidyllcrl dictdeylimth u bromide consistent data; however, the grain sixz' in the STM, images
(DODAB), and 1:1 DODAB/L-a=-d" toylphosophatidyl- is larger than in the TEM images (D)365).
glycerol with molecular resolution unde buffer solution sng D.S. Crystalline Molecular Solids. STM studies of
AFM(0=U). The authors present images of DNA adore several different conductive organic charge-transfer systems,
on these films and discuss their usefulness as substrates for including TCNQ com p Iles, polymeric complexes, organic
binding other macromolecules. superconductors, and the charge-transfer complexes of

Yang et al. have obtained atomic resolution STM imaes" T`CNQ-aalta have been reported (135-1)362). The mor-
of~~~~~~ po.aoguoewihso nXxe tm n e phology and electronic properties of BEDT-'TTF [his-

= this result in terms of X-ray * twcoc studies (D35) (ethylenedithio)tetrafulvalene)I and TKMT7 (tetramethyl-
McMater et al. have i~magd an ordered crystalline array of tetraaelenafuvalene) charge-transfer comsplexes have been
pol;be 1y L-glutamate) and discuss the role of the henazyl etnieysuiduigSMadT 13307)

EustWENt in the observed a-helical structure (D336). etnieysuiduigSMadIa(33D7)
Shigekawa at aL obsered that inclusion molecules (1- Overney et aL have used AFM to asspg lattice parameters
adamantanemethanol) added to a mixture of a- and O-cy and identify two tranalationally inequivalent molecules in the
clodextrins, which fora an orderd array on HOPG, results unit cell of a free-standing tetracene crystal (D)371). Atomic
in the disruption of the veh struture (D)337). Heckl and resolution on different faces of the conductive perylene radical
Smith have applied a bueltrcfld to a thin Idm of cation hexafluorophomphate crystals have also been obtained
glutaraldehyde on HOPO to fom clusters and suggested that using AFM and STM and discussed in relation to crystallo-
this may cause the electropolymerirzation of the molecules =rpi dafta AM)2. AFM wassused to examine the large-scale
(D)33). They extend their reults to a discussion of the role morphology and atomic structure of single-crystal poly[2,4-
of lateral charge transfer 'in low-conductivity samples. hexadiynylenebis(p-fluorobenxenesulfonate)I and its corre-

Vandenberg et &L have usdw T to study the morphsodigmooer(37)
of (3-aminopropyl~triothoxyilane films deposited on Grat atnn monoaver (1)373) he. oraeofleg

sraeuner various conditions of solvent, heat, time, an Grotio etoa aeivsiae the dotfsilportesance ofredgen
curing environments (D3). AFM images during the dissolution of quartz (D)374). Shindo

Dawson et al. have used STM to measure the surface et al. have used AFM to image the arrangement of 0 atoms
roughnoess of bensoic acid derivatives on thermally evapoated and water molecules on the surface of cleaved gypsum (CaS-
Ag ilms as a function of deposition rate (D)340). Rabe and 042H20) (D)373). AFM was used to image Kr ion tracks on
Buchholz have imaged the lamellar structure of long-hain
al~kanes, alcohols, fatty acids, and dialkylbemense on H6P mico. In this latter study, changes in the elastic properties
(D)341). McGonigal et al. have also imaged the two-dimen- of the mica could be deduced on a nanometer scale (D376).
sional ordering of n-elkane and n-alkanol layers on HOPG Jensen St aL (1)377 have used STM to image a zolite pore
(D)342). Amtogand Muller have used STM to investigate in silicalite- MacDouall st al. (13M8 have used AFM to image
benstil fIls on Cu (D)343). LB films of behsnic acid, the crystal planes of sveral natural saclites including scolecite,
a fatty acid bilayer, deposited on HOPG show two types of stilbite, and faujasite both in air and under aqueous solution.
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Meyer et &I. have obtained atomic resolution on surfaces One of the four DNA bases, guanine. ws ira~ t'-
of epitaxially grown AgBrW00l) films using A.FM and suggest two-dimensional ordered array composed Of clivsea-pa iiCr

that only Br atoms are imaged (D379. W~80). AFM images linear chains of hydrogen-bonded molecules on HOK r Can
of single-crystal sodium decatungtocerate(IV) indicates tat MoS. substratea (D403). Images of aggregat",s as well ab
only the (010) face of the crystalhas a regular arrangement individual molecules, of 16S rRNA electroPhoreticallb de-

of anions (D381). AFM has been used to image the o001) and posited on HOPG in water were in agreement with EM data
(100) faes" of aspirin crystals in air and water to determine (D404). Keller et al, imaged RNA polymerase from Ei.
how the different molecular structures at each face relate to cherichia coli, electrodepositad on atomically flat Au iurfaces
the differences in the dissolution rates (D)382). in both water-glycerol and high-humidity environments

Slawska-Wa~niewska et al. have used STM to investigate (D)405). The molecule appeared As either ordered arrs~s.
the effect of ion irradiation on the morphology of FeCrSiB amorphous features, or jaw-shaped molecules Timed8e-
amorphous ribbons 01383). Fukoumoto et al. have obtained pendent studies were done to determine the binding nmec."s
atomic resolution STM, images of hexagonal boroinfilms grown nism of the protein.
on graphite by plasma chemical vapor deposition (D384). Imagig DNA under ambient conditions and in remu tine

D.9. Biological Molecules. Thompson and Elings have is one of the more ppular research goals due to the potenuai
reviewed appilcationa of STM and AFM in biological sciences for sequencing DNAX using STM. Lindsay and Philipp ha-.
(1)38). Condutive organic monolayers and nucleic acids have discussed the Potential success and difficulties in using STM
been imaged on silicon (D386 usirig STIM. Techniques to to sequence DNA (D)406). (See also the section on -Crbn-
reduce tip-urface interactions, which can easil1 , displace regarding suspect molecular structures observed on HOPG
biomolecules and lead to irreporoducible images, are discussed DNA has been imaged in &ar on a graphite substrate during
in the same report Images of Organic and biological molecules replication for the first time (D407 ) ' oungquiat et al. discuss
can be improved by immersing samples in a 50% glycerol- contrast mechanisms for imaging DNA (D)408),
water solution 01387). Two-dimensional arrays of elec- Images showing atomically resolved features of the DNA
troective and photoactive proteins suitable for STM imaging molecule on HOPG are preeented and compared to a model
have been prepared using either a Langmuir-Blodgett tech- of the van der Weals surface. Uncoated DNA molecules with
ziique and/or adsorption method (DW)38. For example, using an activated tris(1-aziridinyl)phosphine oxide solution have
the L~angmuir--Blodgett technique, densely packed quasi- been imaged on Au substrates. 'Me molecules are several
regular mono and bimolecular filmis of gramicidin A were hundred angstroms long with a regular intraperiodicit', of
formed on HOPG- Single molecules were imaged which show 25-35 A (D)409). Hi h-resolution images show the phosphate
a cavity of 0.4 nm in half-width, consistent with molecular groups on the DNA-backbone in the minor groove. Cricenti
models (D389). et aL. have reported tentative observations on the phosphate

Leatherbarrow et al. have used STM to examine immu- and sugar group components, as well as the bases of uncoated

noglobin G (IgG) molecules deposited on graphite and con- single-strand DNA mixed with benzyldimethvlalkyl-
firmed their trilobed structure as shown in X-ray crystallo- ammonium chloride and deposited on Au substrates (D410).

graphic images 01390). Unlabeled IgG antibodies complexed A method for covalently attachn mercurated DNA to a

with Au-labeled antigen and Au-labeled Wg antibodies have -SH-modified graphite surfac ehve been reported. The co-

also been imaged by STM. Detail of their molecular or- valent attachment reduces the mobility of the DNA (D411 1.
ganixton have been reported (D)391). Bai et al. have identified several forms of DNA including a

Image of glcogen. phosphorylase, and phosphorylase braided triple-stranded structure, right-handed and left-

kinase on HOMIG have ben reported and correlated with handed double helical forms, and a tertiary structure I D412) .

measuremenits using other techniques; anomalously low values Li et aL have imaged the B-form of DNA from fish sperm and

of the oaet he' hit of these molecules are Observed using calf thymus and the polyldG-maWC) Lad brvaiized poly-dCG
STM L~gVSTM'hes alao been used to image phosphorylse Z-form of DNA W14 13). Allen et aL. imaged synthetic DNA

kinam and dimers and oligomers, of phosphorylaseb imnio- on HOpG follow*n deemborbio of the DNA from the tunneling

bilixed on acharged HOPGsurface (1)39). tip by a voltage pulse (1)414). Thes DNA molecules appeare
Miwa et aL. investigated a Cal*-sensitive monolayer proteint to be deposited singly or in highly oriented groups..

membrane prepared by conjugating calmodulin and bovine in tunneling spectroscopy experiments, Lindsay et Al. ad-
serum albumin at the air--water interface 0D394). Depending sorbed submonolayer quantities of DNA in tris(hydroxy-

on the Ca2 * concentration, the protein film changes from an methyl~aminomethane buffer onto Au electrodes and moni-

extended structure (ihCa 2+) to a contracted structure (no tored the current vs voltage (1-V) curves over the DNA
Ca2+) assa result of conformational changes in the calmo)dulin- patches and the clean Au surface (1)41-5). The I- V curves over

Imgsof tetrameric cytokeratin a-helical protein (D395) the DNA patches did not depend strongly on the tip bias and

and heglobular proteins, lyszye and chymotrypsinogen display diodelike characteristics- Lindsay st al. have also

A 0D3M) deposited from solution on graphite have also been deposited DNA onto gahite and Au modiied with C1- ions

reported. in the cawse of lysozyme, a two-dimensional array an rshdoyehlsmfifowehn ufr(41) e
is Observed with a chwaratrisuic periodlicity that is dependent prdcbe eut wrbaind only for positively-charged

on the initial concentration of the protein in solution. For Aumdfedeetodsi=h presence of DNA fragments and

chymotryuinogen A, smaller areas consistinqg of a two-di- the salt, m aking the images difficult to interpret.
mensional structmr wer als observed. Pizziconi and Page AFM has also been used to study DNA an well as other

have imnaged laii, 9000M lcpoen npo- biological molecules. Hansma et al. obtained AFM images4
phatebuffron MOGan conir 00M lpretious elcrn pho- of single-stranided DNA with nucleotide resolution using two

cromoopy images 01110" the cruciform sbtruture of the protein different sample preparation techniques- In One method, the

(D)391). Yeung et aL iMaged the lipoprotein ice nucleator DNA was covallently attached to a polymerized lipid mono-

(LPIN) from the hemaolymph of Niuta trivittata and the layer and subsequentl imaged under water- The second

non-ice-nucleating lipoProtsinl from Mon4,tca sexta (D)398). method consisted of adsrbing DNA on mica, rinsing with a

In the former case, the LPllfs formed aslesed chain structures Ba(N0 3) solution, and imaging under ethaný (D417). The

with a widthi equal to two liporotisins. Two apolipoproteinsa author dicaedpo-blems maocated with sequencing DNA

of the LPIN, Apo-I and A~pO-l, were also im-agd and have Using the AFM ta.obandtmilyrelvdmgsf
a platelike morphology. Amrein et al. have compared STM Friedbacher e lotie tmclyrsle mgso

and TEM images of the heaoal ekdprotein monolayer pressed powder samples of pismO claim and sea urchin shells

found ~ ~ sx inteotrcelwl fDincoccu radioduran. using AFM (D)418). Hans= et al. used AFM to obtain mo-

zh ata.iae h ih-anded helical structure of calf rlms oftelpddmtybtpawainyoyty~m
skin cos)do rpa it p n measured monium bromide (D)419). The polar head groups of the lipid

a e meidiiyofle31ulei agreetwihpeiusbohm could be imaed Schmitt et al. used fluorescence microscopy

ical situdies (1400). Miles et al. imaged the spiral structure, and AFM to Inv' tipte thescifi eonto n idn
based on 5I-reverse turns, of the eliatomeric wheat gluten of a biotinylated lipid layer and streptavidin (D)420), AFM

proteins 01401). Masai et al. observed the sheet-type Pars- and fluoromcence microscopy confirm that streptavdidn is

crysta form of fibrous actin when deposited in the presence adsorbed Only to the fluid matrix of the compressed lipid

of MgW12 on HOPO and allowed to air dry (D402). monolayer at the lectrolywelipid interface. The hydrated
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protein surface layer of D. radioduran.s has been imaged using lse (E16). Lyo and Avouris have also liscumed the use d
the attractive imaging mode of the AFM (D421). Two forms TTM to fabricate new electronic devices by applying voiwae
of fibrinogen, a trinodular and globular form, have been pulses to the STM tip to manipulate atoms (El 7).

led On SiO2 surfaces usi AFM (D422).
ephoton scaning tunneling microscope (PSTM), which F. ELECTROCHEMICAL STM AND AFM

relies on the tunneling of photons from an evanescent wave STUDIES AND SCANNING
to a sharpened optical fiber probe tip, is useful for examining ELECTROCHEMICAL MICROSCOPY
electrically insulating samples including biological molecules. STM and AFM are particularly weU-suited for studies of
Ferrell et al. have constructed several PSTM's and presented electrodes immersed in solationa, providing the first oppor-
preliminary images of E. coLi (D423). tunities for electrochemists to examine, in situ. potential.

dependent reconstructions and adsorption phenomena at the
E. SURFACE MODIFICATIONS atomic and molecular levelr Imaging systems for in situ studies

STM and AFM, which are based on physical interactions were developed in the late 1980s and are not reviewed here:
between the probe tip and the substrate, can alter and/or home-built and commercial STM's with capablit~es for in situ
damage the surface being imaged. In favorable circumstances, electrochemical measurements generally allow for simultA
tip interactions can be employed to intentionally modify the ieoa" control of the tip-to-substrste bias and the bin between
surface or to arrange molecular or atomic species in a specified the substrate and an electrochemical reference electrode. 'n
pattern that introduces some desired interfacial property. addition, the tip in an electrochemical STM experiment must
Meet research in this area during the past year focused on be insulated except at the very end in order to reduce back-
key issues underlying the mechaniam of tip-induced surface ground faradaic currents that interfer with measurement of
alterations or on 'proof of concept* demonstrations of ma- the tunneling current. These difficulties are circumvented
nipulatin. nanometer-sized structures. Related articles are by use of AFM, which has been more frequently employed
discussed in above sections on "Theory' and "Instrumentation during the past few years.
and Probe Tips". Yaniv and McCormick reported an electrochemical system

Alterations of metal surfaces during STM scanning has been with potentiostatic/galvanostatic control of the sample and
reported by several groups. Obmori et al, for instance, studied potentiostatic capabilities of the STM tip, and used this
the morphological change on samples of Pd and Pt and found system to deposit Cu and Cd on HOPG and GC (Fl). Ap-
that the surface roughness of these metals decreased during plication of the electrochemical STM in studies of the elec-
i (El). The authors propose that electrostatic forces trochemical double layer structure (F2) and use of imaging
between the STM tip and metal surface are responsible for tunneling spectroscopy as a tool for spatial mapping of the
this phenomenon. Roberts at al. generated rectangular pits surface electronic properties of electrodes in solution (F3) have
in polycrystalline Au by scanning a small portion of the surface been discuased.
at a high tip bias in an Ar atmosphere (E2). They also in- Honbo and Itaym have studied, in situ, the electrochemical
vestigated the annmealing of the pits as a function of time. The oxidation of Au(100) in aqueous perchloric acid and monitored
decay of surface plasmon polaritons in an Al-I-Au thin film the island growth mechanism of the AuOH layer (F4).
tunnel junction, as evidenced by the decay of visible light Binggeli et al. have compared the morphology of electro-
emitted from the Au-sir interface, was shown to result from chemically lished Au(111) electrodes in the presence and
smoothing by surface diffusion in areas where the tip con- absence ohbadsorbates during polarization of the electrode.
tacted the surface (E3). Shear and compressive forces exist The transition from tunneling to point contact was observed
between the tunneling tip and sample surface during scanning at a tunneling resistance of -2 X 104 f, in agreement with
and have been discussed in relation to anomalous corrugatiom vacuum results (PS).
and elset and plastic deformations thata observed in STM Trevor and Chideey studied at the annealing of Au(I 11)
topo~rapbic images, and in relation to anomalously low values surfaces in an electrochemical cell using STM anid found that
obtained for tunneling barrier heights (E4). Meepagals et al the proem was dominated by the motion of stap-edge dtoms

mu mesured the tunnel currwet and fore between rather than terrace atoms. They suggest that pit motion
an Au-costed AFM tip and Au sample under atmospheric results from random diffusion of step adatoms (F6). Hol-
conditions and discuss the effects of surface contaminants land-Moritz St al. have observed both reversible and irre-
(ES). versible roughening of the Au(III) surface in KCI and a de-

STM tips can also be used as miniature evaporation sources pendence of the surface roughness on the concentration of
for atom deposition. Mamin et aL, for example, have used AgNO3 and AgCZO solutions (F7). Tao and Lindsay have
a gold STM tip as a solid-state emission source for d mtion shown that Au(111 reconstructs to the V,3 X 22 surface in
of nanom.ter-sized Au clusters (E6). Field-ion STM (FI- the presence of H20, HC10 and NaHIP, 4 (VS). Weaver and
STM) has been used to investigate the doepe of adsorption co-workers have also reported atomically-resolved, poten-
of alkali metals (e.g., Cs, K, and Li) on Si(11I) and Si(100) tial-dependent reconstructions of Au(100) (F9) and Au( 11)
surfaces (E7, E8). in aqueous HClO4 (F1O). McCarley and Bard found that

Surface modification at the nanometer scale hes potential dosing Au(111) surface with aqueous KI resulted in a 3v 3
the maniontinte dinformation storae device, x 3V3-R300 adlattice structure (FIL).

tgh it iu noted that azzent STM and AFM systems are AFM has been employed to stud the disordered oxide on
too slow for any form of lqe-scal device manufacturing. Au(11I) in aqueous perchloric acid under potential control
Hartmann et at have wrikssm electronically active nanome- (W12) and to obtain atomically resolved i of a Cu
ter-scale structures in a Si p-" junction using high current monolayer lattice on an Au(111) electrode while under po-
densities from an STM i with the p-n junction biased in tential control in various electrolyte solutions (F13). Endo
the forward direction (N9)W Lithography on 111-V semicon- at al. imaged the initial stages of island growth for Ag elec-
ductor substrates using an STM probe ho been discussed as trodeposited on Au(11) under poten con ol W14),
a means of gneratn nanometer-scale oxide masks for use Oppesiheim at aL studied surface diffusion in Ag-Au alloys
in the manubco of lo-dimnionl e (E0O, in diluted and discus their rut thinEli). Dobias and Marrian have comperedi the minimum framework of the *ink-edge-terrace modelof c d surftces
developed line widths a by nanoiograpy with the and models of alloy corrosion based on percolation theory
STM tip (27 rm) with those obtained by exposure to a 17-nm (FIS). The anodic dissolution of Cu from a Cu-Au alloy in
5kV electron beam (9 uan) (E12). .a STM, Casilla the presence and absence of an inhibitor has also been re-
at aL have fabricated $-36-nm-radius inlaid Pt disks on the ported and compared to SEM results (FI, Fl 7).
surfew of T10, (E13) and Fuchs and Schimmel have dem- Hoepfner et al have studied chemically polished macroe-
onatrated surface modification of atomically flat area of a lectrodes and electrolytically grown microvisctrds in air and
p-oped layead semiconductor, WS% (El4). Nanometer-scale under potential control in aqueous solutions. In contrast to
structures on graphite have been generated in the presence the macr co the microelectrodes have large atomically
of MeAl under darent tip biasing and tuneling tcur lat terraces separated by monoetomic steps. Dynamics of
conditons (Eo5). these steps under anodic and cathodic polarization was studied

Eigler et al have demonstrated a prototype of an atomic as well as the nucleation and growth of Pb electrodeposited
bistable switch based on a Xe atom, which can be positioned on Ag(l11) macroelectrodes (F18). Several authors have
on either the STM tip or Ni surface by applying a voltage discussed the effects of electrochemical oxidation-reduction
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cycles on the morphology of Pt(11 I), Rht I 11) and Pd(1 I D, LITENATURE CITIED
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